The selection of varieties is extremely important for decreasing fertilizer consumption. However, little attention is devoted to assessing the effectiveness of row spacing in tandem with types of varieties of pea on root development in the context of limited nutrition. As essential knowledge in this area is lacking, a study was conducted with two objectives using an ordinal regression model. (i): To determine whether qualitative variables (cultivar, fertilization, and row spacing) or quantitative variables (root parameters) affect the root dry mass density, and (ii): To assess the variation in root architecture of two pea cultivars (fodder vs. edible type) grown under different P supply levels (0, 45, and 90 kg P 2 O 5 ) and row spacing (narrow-15 cm-and wide-30 cm). The ordinal regression model showed that row spacing and cultivar type are meaningful predictors of root dry mass density (RDMD). The root dry mass density increased at wider row spacing in the fodder pea cultivar. As root surface area density (RSAD) and SRL-specific root length (SRL) most accurately describe root mass, it was concluded that the cultivar type and row spacing are crucial factors for increasing root plasticity, which can improve soil utilization.
Introduction
Phosphorus is an essential mineral nutrient for plant growth and development. Low phosphorus availability is one of the major constraints on crop production worldwide [1] . Therefore, the development of P-efficient crop varieties that demonstrate better growth under low soil P availability is crucial to improving crop production [2, 3] . Various physiological and biochemical traits factor into the enhancement of crop P efficiency. The most important traits for P acquisition are morphological and architectural root characteristics [4] . Phosphorus is unevenly distributed along the soil profile. Phosphorus availability usually declines substantially with depth in agricultural soils due to the application of fertilizer and cultivation of the topsoil, as well as the inherently poor mobility of P in the soil profile [5] . The root architecture determines the extent of root exploration through the soil profile [6] . Root architectural parameters, such as growth angle and the number of root axes and lateral branches, are closely linked to P efficiency in common bean and wheat [6, 7] . Genotypic variation in root architecture significantly affects P acquisition and grain yield of barley in low-P soils [8, 9] . In rice, a threefold increase in plant growth was attributed to a 22% increase in root fineness under P deficiency [10] . This demonstrates that large genotypic differences in P acquisition could be caused by fairly small changes in root growth-related traits [10] . Manschadi et al. [6] suggest that selecting for the growth angle and number of root axes may help to identify genotypes with root system architecture that are better adapted to nutrient-deficient conditions.
The advantages of architectural root traits must be interpreted in the context of the environment and management systems in which the crops are grown. The characterization of the crop-growing environment is an important step in evaluating the implications of desirable root traits for improving nutrient acquisition and crop productivity [6] . Soil resource availability affects root growth and belowground resource competition between neighboring plants. Interactions may occur among the roots of an individual plant (interplant or self-competition) or between the roots of different plants (interplant or non-self-competition) [11] . Variation in crop row spacing can strongly affect interplant competition for both aboveground and belowground resources, with wider rows commonly providing individual plants with a larger soil volume and, hence, increased access to mineral nutrients and water. Most studies addressing the effects of interplant reactions focus on root biomass but overlook root architecture. There is much physiological evidence indicating a response of root architecture to P availability [12] . Various root architectural traits increase P acquisition by enhancing topsoil foraging [13] and patch exploitation [14] . These include the basal root growth angle [15, 16] , production of shoot-borne roots [17] , increased axial elongation [18] , and reduced lateral branching in low-P domains [19] . Competition for P may elicit changes in the root architecture [20] . Lynch [21] draws attention to the fact that the changes in root architecture induced by low P availability might be interpreted as precision foraging. Such precision foraging by roots could lead to root avoidance, as roots preferentially avoid regions where soil nutrients have been depleted by other roots. This creates a potential tendency towards reduced resource competition among neighboring roots. Nord et al. [22] found that common beans alter their root architecture in the presence of neighboring plants as a result of localized phosphorus depletion.
Due to differences in the growth environment between the greenhouse and the field conditions, cultivars may vary greatly in response to a low P supply, and P efficiency may differ among cultivars. Assessment of selected genotypes in terms of root characteristics which increase uptake of nutrients from varying soil depths under field conditions is essential to food security and the long-term sustainability of soil fertility [4] . Yang et al. [23] sought out morphological root traits indicative of phosphorus deficiency, preliminarily defined root length, root surface area, and root volume as screening indices for low-P tolerant genotypes of maize during the seedling stage. Miguel et al. [24] suggest that (a) a genotype of common bean (Phaseolus vulgaris) can exhibit one or more root traits responsible for P uptake efficiency, and (b) long root hairs increase total P uptake by releasing organic compounds (root exudates) that could help to solubilize P. Special attention should be given to screening plant genotypes which are tolerant to low-P soils under field conditions [23] . Previous studies on differences in root architecture under phosphorus limitation in legumes have focused on the common bean and soybean, which are widespread around the world, while less attention has been given to pea cultivars, which have an important role in Europe.
The aim of this study was to assess (i): Whether qualitative variables (cultivar, fertilization, and row spacing) or quantitative variables (RSAD, RLD, MRD, and SRL) more strongly affect diversification of root dry mass density; and (ii): Variation in the root architecture of two pea cultivars grown under different levels of P supply and row spacing.
Materials and Methods Materials and Methods

Site Description, Experimental Design, and Sampling
A three-factor field experiment was carried out in two seasons in the years 2015 and 2016 in Włoszczowa (50 • 46 N, 19 • 50 13 E). The experiment was conducted on sandy soil (960 g·kg −1 sand, 40 g·kg −1 silt). The soil was characterized by a low abundance of nutrients. Phosphorus content per 100 grams soil was determined to be 6.8 mg 100 g −1 , potassium 6.0 mg 100 g −1 , and magnesium 0.9 g 100 g −1 . The soil was acidic, with pH KCl = 3.94. The organic carbon content was 6.3 g C·kg −1 .
Treatments included two row-spacing variants (15 cm and 30 cm), three P levels (0, 45 and 90 kg P 2 O 5 ), and two pea genotypes (edible cv. 'Tarchalska' and fodder cv. 'Protecta'). Plants were cultivated in optimal density (100 pcs·m −2 ). The experiment was set up as a randomized block design with four replications. The plot size was 10 m 2 . Before sowing, 30 kg ha −1 of nitrogen and 100 kg ha −1 of potassium were applied to each plot. Phosphate fertilizer was applied in the second decade of March each year. The phosphorus concentration in fertilizer was 40%. Seeds were sown at a depth of 5-6 cm with row spacing of 15 cm and at double row spacing (30 cm).
The root architectural traits of pea plants were determined at mid-vegetative stages (flowering). At the full flowering phase, soil samples were taken from the humus profile of the soil (0-30 cm). 10 soil samples for each treatment, together with pea roots, were collected with a root augur 7.5 cm in diameter and 15 cm long (Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands). Individual samples were washed in an automatic hydraulic-pneumatic root washer [25] .
The cleaned root samples were preserved in 25% v/v ethanol solution and stored for further detailed root analysis using APHELION software (ADCIS S.A. and Amerinex Applied Imaging, France). The results were used to calculate the following parameters: Root length density (RLD) (cm/cm 3 ) = L/V, where L-root length (cm), V-sample volume (cm 3 ); mean root diameter (MRD) (mm); root dry mass density (RDMD) (µg/cm 3 ); specific root length (SRL) (cm/g), which is the length-to-mass ratio (L/M) of a root fragment; and root surface area density (RSAD) (cm 2 /cm 3 ).
Ordinal Regression Model
The root dry mass experiment data were evaluated using an ordinal regression model [26] to predict an ordinal dependent variable. Fitting information (Table 1) shows that the use of predictor variables significantly improves the model's ability to adequately predict RDMD. In addition, the fitting results show that RDMD is significant in this role. Based on this information, it was established that the outcome variable is root dry mass density (RDMD), with four ordinal levels: 1 '< 0.0003', 2 '0.0003-0.00055', 3 '0.00055-0.0008', and 4 '> 0.0008'. The ordinal regression enables the construction of models to evaluate the importance of prospective predictor variables. The products of the ordinal regression model are cumulative probabilities for outcome variable categories. The result provides a probability of being in a given category of the dependent variable. RDMD is the so-called scale component. It is implemented as a modification of the model to account for differences in variability of the independent variables. 
Statistical Analysis
Analysis of variance (ANOVA) was carried out using STATISTICA 10.0 software (Software Inc). Significant differences between means were determined by Fisher's Least Significant Difference (LSD) test at a significance level of 0.05.
Results
Model Interpretation
As the aim of the study was to determine potential predictor variables that are expected to influence root dry mass density (RDMD), the analysis commenced by including all the variables considered potentially influential. A stepwise procedure was employed; variables that were not helpful in resolution of the research problem were removed from the analysis, and the model was re-estimated. The variables of fertilization, row spacing, and cultivars were entered as factors in the model, and the variables RSAD, RLD, MRD, and SRL were entered as covariates in the ordinal regression model.
Fitting information (Table 1) shows that the use of predictor variables significantly improves the model's ability to adequately predict root dry mass. According to McCullagh and Nelder [27] , the difference between −2 times the log-likelihood for the intercept-only model and for the final model can be interpreted in terms of chi-square statistics. The significant chi-square statistic indicates that the final ordinal regression model gives better predictions than those based on marginal probabilities for the outcome variable categories. This could be interpreted as a meaningful impact of the variables considered in the final model on root dry mass density (RDMD).
The parameter estimates for the final model are shown in Table 2 . According to the ordinal regression model results, the qualitative variables (type of cultivar and row spacing) and quantitative variables (RSAD, MRD, and SRL)-are meaningful predictors of the outcome variable (root dry mass density). The root dry mass increased at wider row spacing (30 cm) and in the case of the Protecta cultivar. The RSAD, MRD, and SRL parameters significantly impact root mass. The effect of the RSAD and MRD variables on the outcome of the experiment is positive. An increase in the SRL variable predisposes root dry mass to be assigned to the lower root dry mass category Phosphorus fertilization is statistically a marginally significant predictor of root dry mass density. This is indicative of an ambiguous impact on the phenomenon under investigation. Accommodating that marginal effect, estimates of parameters for fertilization factor indicated a positive relationship between these predictors and higher root dry mass categories of the dependent variable. An increase of fertilization from 0 to 90 kg/ha induced marginal enlargement of root dry mass density. However, no enlargement took place for the fertilization increase from 45 to 90 kg/ha.
Diversity in Root Architecture of Two Pea Cultivars Grown under Different Levels of P Supply and Different Row Spacing
Among the factors compared, the selection of cultivars had a major and significant influence on the root architecture. Row spacing and phosphorus fertilization were significantly less important, with a notable effect mainly observed as a result of their interaction with individual cultivars (Tables 3 and  4 ). The cultivars reacted strongly to changes in soil properties, manifesting in changes in RLD, RSAD, and RDMD values, while MRD was the least vulnerable to soil changes.
The statistical analysis (ANOVA) indicated a significant impact of all considered factors on RLD (Tables 3 and 4, Figure 1 ). The highest RLD was attained in control conditions without phosphorus application and under very high P application (Table 3, Figure 1 ). This phenomenon proved that roots proliferate not only in deficit nutrient soil conditions, but similar phenomenon is observed when the amount of phosphorus is soil is luxurious. Additionally, there were significant interactions between cultivar and fertilization and between cultivar and row spacing. A higher RLD value was obtained by the Tarchalska cultivar after wide row (30 cm) spacing and without phosphorus application.
The value of RDMD was determined mainly by the cultivars and less so by other factors (Tables 3  and 4 ). The Protecta cultivar attained a significantly higher root dry mass density. Additionally, the analysis revealed a significant interaction of factors: Fertilization with row spacing (Figure 2a) , cultivar with row spacing (Figure 2b ), and cultivar with fertilization (Figure 3a) . proved that roots proliferate not only in deficit nutrient soil conditions, but similar phenomenon is observed when the amount of phosphorus is soil is luxurious. Additionally, there were significant interactions between cultivar and fertilization and between cultivar and row spacing. A higher RLD value was obtained by the Tarchalska cultivar after wide row (30 cm) spacing and without phosphorus application. The root dry mass density of the Tarchalska cultivar decreased significantly with increased phosphorus fertilization (Figure 3a) . In addition, the Tarchalska cultivar responded negatively to narrow row (15 cm) spacing, resulting in a slight reduction in root mass density (Figure 2b) . The converse was observed in plants cultivated at wide row spacing. The application of fertilizer low in phosphorus (45 kg) in the case of wide row spacing resulted in a significant reduction in root mass production. Additionally, for treatment without phosphorus fertilization in wider row spacing (30 cm), a significant increase of RDMD was observed (Figure 2a) . The RSAD value was not significantly affected by the phosphorus fertilization (Table 3) . However, significant interactions between cultivars and phosphorus fertilization, as well as between fertilization and row spacing, were demonstrated (Figure 3b ). Changes in phosphorus application from 0 to 45 kg induced a significant degree of RSAD parameter in the Tarchalska cultivar. Changes of row spacing from 15 cm to 30 cm caused a significant increase of RSAD only in control conditions. This phenomenon proved that selected cultivars are able to develop larger root surface under limited phosphorus soil condition.
In the Protecta cultivar, an increase in root surface area density was observed with increasing phosphorus application (P-90). The opposing phenomenon was observed in the Tarchalska cultivar, where a significant decrease in root surface was observed with increasing phosporus application (P-45) (Figure 3b ). The use of wide row spacing (30 cm) resulted in a significant increase in root surface area, mainly under control conditions (Figure 2c ).
The value of SRL depended solely on the interactions of the test factors: Between cultivar and phosphorus fertilization, cultivar and row spacing, and phosphorus fertilization and row spacing (Tables 3 and 4 ). The value of SRL increased in the Protecta cultivar after the use of wide row spacing (Figure 2d ). In addition, a significant interaction of fertilization and row spacing was demonstrated (Figure 3d ). At narrow row spacing, low phosphorus application (45 kg ha −1 ) led to a significantly lower SRL value. The opposing phenomenon was observed at wide row spacing, for which the rate of fertilizer application (from 45 to 90 kg) resulted in a significant increase in this root parameter. High phosphorus application (90 kg ha −1 ) resulted in a significant decrease in SRL in Protecta, whereas an increase in this parameter was observed in the Tarchalska cultivar. In spite of inconclusive results in the literature for the environmental dependencies determining the size of SRL, it can be presumed that SRL depends on the method of sowing and the level of phosphorus fertilization. Our results have confirmed that SRL depends significantly on the interaction of the analyzed. However, it has also been shown that SRL also depends on other root parameters such as root mass, which may have casual influence depending on the tested pea variety.
Discussion
Our research has confirmed that pea exhibits very strong genetic diversification. In the pea cultivars compared in this study, we observed that the plasticity of the root system depended on the amount of available phosphorus in the soil and on the row spacing. Of the two cultivars, Tarchalska was more flexible in phosphorus-deficient conditions. Plant adaptation to phosphorus deficiency depended mainly on changes in RLD, RDMD, and RSA.
Schneider et al. [28] tested soybean root growth and phosphorus uptake at different row spacing. The soybeans were planted in two row spacing variants: Narrow rows (0.35 m) and wide rows (0.70 m). The root density was measured during seed filling (92 days after planting) at several points within the inter-row space to a soil depth of 30 cm. The author reported that the narrow rows of soybeans produced a greater root density than the wide row treatment at 5-10 cm depth, while the roots of the wide-row soybeans had a more lateral growth. The root density on both sides of the row, to a depth of 5 cm, was greater for the wide-row treatment. The average root density for each depth of a section 70 cm wide across the row line indicated that there was no significant difference between treatments at any depth. The smaller number of rows in the wide row spacing was compensated for by a greater lateral extension of roots within the inter-row spacing. This compensation resulted in a similar root density at each depth for planting in both narrow and wide rows.
In the present study, we found that the pea cultivars presented different results in the comparison of row spacing treatments. Across the variation in row spacing, plants grown at the wider spacing had a significantly higher root length density (RLD). Across the variation in phosphorus application, a lack of phosphorus in the soil as well as a high level of phosphorus significantly increased root length density (RLD). This phenomenon proved that roots proliferate not only in deficit nutrient soil conditions, but similar phenomenon has been observed when the amount of phosphorus is soil is luxurious. Grossman and Rice [29] have proved that plants invested more resources to root systems when grown in low-nutrient soils and allocated more roots to higher-nutrient locations.
Similar results were obtained by Thalji [29] in a faba bean experiment, where wide row spacing increased the dry weight of nodules and roots, as well as biomass yield. Ndor et al. [30] indicated that environmental factors such as phosphorus application and row spacing had a significant effect on overall growth and yield parameters in cowpea.
Our study partially confirmed these results, since pea cultivation in wider rows (30 cm) only slightly increased RSA in higher phosphorus dose (90 kg ha −1 ), whereas it significantly increased the parameter values in control condition (no phosphorous application). In the case of RDM, considering row spacing, the plants cultivated in wider rows presented a significantly higher root length density.
Zhu and Lynch [31] have shown that SRL is an important factor benefiting lateral rooting under low phosphorus availability; they have also proven the ability of some genotypes to maintain lateral root growth under phosphorus limitation. This has been confirmed in our own study, which showed differences in root architecture between pea cultivars. The Protecta cultivar significantly increased SRL in wide row spacing, while Tarchalska responded differently. In low-phosphorus soil, SRL increased in the Protecta cultivar and decreased in Tarchalska. An attempt to explain changes in the value of SRL was discussed many times in the context of nutrient and water deficit [32] . However, there is no clear explanation as to what determines these changes. White and Hammond [33] indicate that the SRL parameter depends on interaction of many environmental factors, which was confirmed in our research.
Conclusions
The type of cultivar has a significant influence on the architecture of the pea root. Among the cultivars compared, the edible Tarchalska cultivar exhibited greater plasticity in its ability to grow in phosphorus-deficient soil, as it developed more lateral roots with a higher root surface area. The fodder cultivar did not present similar behavior in root parameters.
The adaptation of peas to phosphorus-deficient soil (lack of additional phosphorus fertilization) was mainly dependent on changes in RLD, RDMD, and RSA.
The SRL index depended on the interactions of fertilization with cultivar and fertilization with row spacing. The Protecta cultivar significantly increased SRL at wide row spacing, while Tarchalska decreased it. In the case of low phosphorus application, SRL increased in the Protecta and decreased in Tarchalska.
